In animal cells, the mitotic spindle is aligned perpendicular to the axis of cell division. This ensures that sister chromatids are separated to opposite sides of the cytokinetic actomyosin ring (CAR). We show that, in fission yeast, spindle rotation is dependent on the interaction of astral microtubules with the cortical actin cytoskeleton. Interaction initially occurs with a region surrounding the nucleus, which we term the astral microtubule interaction zone (AMIZ). Simultaneous contact of astral microtubules from both poles with the AMIZ directs spindle rotation and this requires both actin and two type V myosins, Myo51 and Myo52. Astral microtubules from one pole only then contact the CAR, which is located at the centre of the AMIZ. We demonstrate that the anillin homologue Mid1, which dictates correct placement of the CAR, is necessary to stabilise the mitotic spindle perpendicular to the axis of cell division. Finally, we show that the position of the mitotic spindle is monitored by a checkpoint that regulates the timing of sister chromatid separation.
Introduction
In eukaryotic cells, the axis of cell division is aligned perpendicular to the mitotic spindle and in the centre of the cell. Spindle positioning in all cells depends on the interaction of astral microtubules with sites at the cell cortex. These microtubules are thought to impose pushing or pulling forces on the spindle poles to affect rotation or movement of the spindle. In animal cells, specification of the division plane occurs as the mitotic spindle is formed. From micromanipulation and chemical inhibitor experiments in metazoa, several models have been put forward to explain the formation and positioning of the cleavage furrow. Although it is generally agreed that microtubules are essential for cleavage furrow formation, some studies suggest that astral microtubules are uniquely important, whereas others suggest that the central spindle alone dictates furrow position (reviewed in Rappaport, 1996; Oegema et al, 2000; Glotzer, 2001) . More recent models suggest that centrosome separation and central spindle assembly act in redundant pathways to trigger cleavage furrow formation (Dechant and Glotzer, 2003) . However, the initial cortical landmarks for furrow formation are not known.
Advances in our understanding of the mechanisms directing spindle positioning in budding yeast have come from examination of spindle behaviour in cells with different genetic backgrounds (Segal and Bloom, 2001; Kusch et al, 2002 ). These studies demonstrate that the determinants of spindle orientation are localised to the bud neck and bud tip and that these overlap with the determinants of interphase cell polarity. However, unlike in animal cells, the mitotic spindle in budding yeast is formed during S phase and the division plane is specified before cells enter mitosis. For these reasons, we have studied spindle positioning in the fission yeast Schizosaccharomyces pombe, in which the mitotic spindle is formed and positioned only in the M phase. In fission yeast, the nucleus is positioned in the middle of the cell in interphase and undergoes a symmetric division that gives rise to two identical daughter cells after mitosis (Hagan and Yanagida, 1997) . The location of the cell division septum is dictated by the anillin homologue Mid1, which resides in the nucleus in interphase and relocates to the medial cell cortex in early mitosis (Chang et al, 1996; Sohrmann et al, 1996; Bahler et al, 1998; Paoletti and Chang, 2000) . The fission yeast mitotic spindle is composed of 12-16 microtubules, overlapping in a central zone, that emanate from two spindle pole bodies (SPBs) embedded in opposite sides of a persistent nuclear envelope. An additional 10-12 microtubules originate from each SPB and terminate at the three kinetochores (Robinow and Marak, 1966; Tanaka and Kanbe, 1986; Ding et al, 1993 Ding et al, , 1997 . Visualisation of live S. pombe cells expressing GFP-tubulin has revealed that mitosis consists of three phases (Nabeshima et al, 1998; Tatebe et al, 2001 ). Phase 1 is prophase, during which a short, B2.0 mm, spindle is formed. In phase 2, the spindle maintains this length (Yamamoto et al, 1999) and centromeres make frequent, rapid movements between the poles. At the end of phase 2, sister chromatids separate (anaphase A) and move back to the SPBs. Phase 3 consists entirely of anaphase B, during which the spindle elongates along the longitudinal axis of the cell (B14 mm), although it is not known how this orientation is achieved. The cytoplasmic face of the two SPBs is associated with astral microtubules, which can exist in two configurations termed convergent and parallel (Hagan and Hyams, 1996) . In either case, one end of each astral microtubule bundle is initially oriented towards the cortex at the cell mid-zone. As the spindle elongates, astral microtubules remain attached to the cortex, maintaining a fixed angle to the spindle axis. In fixed preparations, anaphase B spindles often appear bowed and it has been suggested that the astral microtubules apply force to the SPBs (Hagan and Hyams, 1996) . Astral microtubule behaviour has, until now, not been studied in living fission yeast cells.
We recently described a new mitotic checkpoint in fission yeast that delays entry into anaphase when the actin cytoskeleton is disturbed . Cells treated with the actin inhibitor latrunculin B entered mitosis normally and formed a short, misoriented spindle with absent or unbalanced astral microtubules. Importantly, as latrunculin B also delayed the onset of sister chromatid separation, we termed this phenomenon a spindle orientation checkpoint (SOC) . We speculated that actin depolymerisation might activate a mitotic checkpoint by disrupting the reorganisation of the actin cytoskeleton that accompanies entry into mitosis. As cells enter mitosis, actin disappears from the tips of the cells and relocalises around the early mitotic nucleus to form the cytokinetic actomyosin ring (CAR), whose constriction directs the assembly of the cytokinetic septum (Marks and Hyams, 1985) . We postulated that the CAR is necessary for the positioning of proteins or protein complexes that mediate the dynamic interaction of the growing ends of astral microtubules with the medial cell cortex, and that disruption of this structure activates the SOC. In the present study, we have addressed this hypothesis directly by simultaneously comparing chromosome separation, astral microtubule behaviour and spindle orientation in living cells in the presence or absence of latrunculin B, and in mutants in which either the actomyosin ring is disorganised or the dynamic association of astral microtubules with the spindle pole body is disturbed. In doing so, we have uncovered a role for Mid1 in directing perpendicular alignment of the mitotic spindle to the axis of cell division and demonstrate that this process is monitored by a checkpoint that regulates the onset of anaphase.
Results

Latrunculin inhibits spindle rotation, spindle elongation and anaphase onset
We have made use of a fission yeast strain in which the nonessential a2-tubulin gene atb2 is tagged with GFP (Ding et al, 1998) . We first determined whether the SOC was functional in gfp-atb2 cells. Synchronous G2 cells were transferred into fresh medium with or without latrunculin B . Control cells initiated anaphase at 20 min, reaching a peak at 60 min. In the presence of 10 mM latrunculin B, the increase in binucleate cells was substantially delayed, reaching a peak only after B2.5 h ( Figure 1A ). Examination of living cells revealed that the initiation of mitosis (appearance of a mitotic spindle) in latrunculin B was the same as in untreated cells, but that the time spent with a short spindle and unsegregated chromosomes was extended, confirming our previous observations using fixed preparations . To examine spindle orientation and chromosome dynamics simultaneously, we followed individual gfp-atb2 cells through mitosis in a medium that also contained DAPI. In the sequence of a control cell shown in Figure 1B (upper panel) (Supplementary Movie 1), images were first taken as the spindle forms during phase 1. Time zero is shown as the beginning of phase 2 when the spindle length becomes constant ( Figure 1B upper panel and 1D) . Phase 2 lasted B9 min, during which the spindle rapidly orients toward the longitudinal axis of the cell ( Figure 1C and D) . We noted that in control cells anaphase A was only initiated once the spindle angle was less than 301 with respect to the cell axis, and full orientation was accomplished in early phase 3 ( Figure 1B and C) . Anaphase A and anaphase B commenced co-incidentally, as previously described ( Figure 1D ). The rate of anaphase B was 0.51 mm min À1 ( Figure 1D ), comparable to that recorded by others (Nabeshima et al, 1998; Mallavarapu et al, 1999; Yamamoto et al, 1999) . In the presence of latrunculin B, the mitotic spindle remained at an oblique angle to the cell axis for more than 20 min ( Figure . Following chromosome segregation, the rate of spindle elongation was significantly slower at 0.30 mm min À1 than the control ( Figure 1D ). The observation that spindle length increases during phase 2 in latrunculin B was confirmed in more than 50 cells examined. Furthermore, no relationship between the timing of chromosome segregation and spindle angle was detected. In these cells, the spindle eventually oriented during phase 3, possibly as a result of interaction of spindle pole bodies with the cell cortex.
Latrunculin disrupts cortical capture of astral microtubules A further difference noted in movies of gfp-atb2 cells was the behaviour of the astral microtubules. To facilitate the acquisition of clearer, more frequent images, we filmed cells in the absence of DAPI (control cells 94 frames, latrunculin-treated cells 104 frames). One such sequence is shown in Figure 2A (Supplementary Movie 3). The length of the astral microtubule bundle from each SPB was measured ( Figure 2B ). Three periods are highlighted. During period I (t ¼ 60-130 s), astral microtubules from both upper and lower SPBs contact the cell cortex and this results in a reduction of spindle angle from approximately 50 to 301 ( Figure 2B ). During period II (t ¼ 130-172 s), the upper astral microtubule shrinks and loses contact with the cortex and no further orientation of the spindle is seen, even though the lower astral microtubule retains cortical contact ( Figure 2B ). During period III (t ¼ 172-245 s), the astral microtubule from the upper SPB re-establishes cortical contact and the spindle rapidly orients. Thus, spindle orientation primarily occurs when astral microtubules from both poles simultaneously contact opposite sides of the cell cortex ( Figure 2C ). These interactions are first visible in phase 2, when spindle length is less than 2.5 mm, but continue until full orientation of the spindle is accomplished in early phase 3. Similar results were obtained in over 20 mitotic cells. From merged images from Figure 2A , we find that, during early mitosis, the astral microtubules interact with the medial cortical region in a region that we call the 'astral microtubule interaction zone' (AMIZ) ( Figure  2C and D). In early mitosis, astral microtubules underwent rapid changes in growth and shrinkage and were nucleated at multiple angles to the mitotic spindle ( Figure 2A ). During spindle elongation, astrals became more stable in length, were thicker (possibly due to microtubule bundling) and remained at a fixed angle ( Figure 2A ). We repeated this analysis in cells treated with latrunculin B. In these cells, astral microtubules made more erratic transitions between phases of growth and shrinkage. These astrals did not appear to contact the cell cortex and were ineffective in orienting the spindle ( Figure 2E and F) (Supplementary Movie 4). These data strongly suggest that astral microtubules impose a 'rotational force' in early mitosis that drives the SPBs away from the cell cortex. Whether the slower rate of spindle elongation in latrunculin B indicates that astral microtubules also contribute to a force during anaphase B that helps drive the SPBs towards the cell tips is at present unknown, although the pioneering experiments of Aist et al (1991) suggest that such a possibility should not be discounted.
Astral microtubules control spindle dynamics and anaphase onset
To investigate the involvement of astral microtubules in spindle positioning, we analysed the mutant cdc11-123 in which association of astral microtubules with the SPBs is defective (Krapp et al, 2001) . We found that, in cdc11-123 gfpatb2 at a semipermissive temperature, 96% of metaphase and 26% of anaphase spindles were misoriented (Table I ). In addition, phase 2 was extended in cdc11-123 gfp-atb2 cells (1472 min) relative to that observed in wild-type cells (971 min) at the same temperature ( Figure 3A and Table I ). Furthermore, in cdc11-123 gfp-atb2 cells, the spindle underwent numerous small but rapid oscillations in angle during phase 2, but these were ineffective in rotating the spindle ( Figure 3A and B) (Supplementary Movie 5). Indeed, astral microtubules were difficult to visualise in cdc11-123 cells, making short, nonproductive excursions from the SPBs ( Figure 3A) , and those associated with longer spindles were also abnormal (Frame 19.6, Figure 3A ). These data suggest that cdc11-123 cells show an inherent activation of the SOC and that astral microtubules are required both for spindle orientation and for determining the timing of sister chromatid separation in fission yeast. The eventual rate of spindle elongation during phase 3 in these cells was 0.3770.01 mm min À1 (Table I) , slower than control cells and again raising the possibility that astral microtubules also contribute to the rate of spindle elongation (see above). The medial actin cytoskeleton regulates spindle positioning We previously argued that the effect of latrunculin B on mitosis results from the displacement of an actin-containing protein complex at the medial cell cortex, which is necessary for productive astral microtubule interactions . To examine this possibility, we initially observed microtubule dynamics in the actin mutant cps8-188 (Ishiguro and Kobayashi, 1996) . Analysis of cps8-188 gfpatb2 cells showed that phase 2 was considerably longer (2474 min; n ¼ 9) than in wild-type cells at the same temperature ( Figure 4A and B, Table I ). During this time, the spindle extended from B2.0 to 3.5 mm in the absence of chromosome separation ( Figure 4A and B). Anaphase B was initiated as chromosomes separated, and was similar in rate to that observed in wild-type cells treated with latrunculin B (Table I) . Importantly, astral microtubules and spindle oscillations were virtually absent in these cells both before and after sister chromatid separation ( Figure 4A and B) (Supplementary Movie 6). Statistical analysis showed that in wild-type cells, only 30% of spindles were misoriented prior to chromosome separation (i.e. greater than 301 to the cell axis) and less than 5% remained misoriented during anaphase B (Table I) . By contrast, the proportion of misoriented spindles was greatly increased either in cells treated with latrunculin B or in the cps8-188 mutant (Table I ). These data suggest that the effect of latrunculin B on mitosis in fission yeast is through its well-documented role as an actindepolymerising agent (Ayscough et al, 1997) . In fission yeast, actin relocates from the cell tips to the medial cell cortex in early mitosis as the spindle forms. To examine whether this is required for spindle positioning, we arrested a cold-sensitive a-tubulin mutant nda2-KM52 by growth at 201C (Toda et al, 1984) . These cells arrest in a pre-metaphase state with the type II myosin Myo2 ) at the medial cell cortex ( Figure 4C ). When cells were returned to the permissive temperature in the presence of latrunculin B, they showed a significant delay in chromosome separation ( Figure 4D ). We also observed spindlepositioning defects and a delay in anaphase onset in cells lacking the formin For3, which have actin patches but lack actin cables (Feierbach and Chang, 2001 ; data not shown). These data suggest that the medial actin cytoskeleton and, in particular, actin cables are required both for spindle rotation and the timing of anaphase onset.
Two type V myosins are required for spindle positioning and anaphase onset We next examined microtubule dynamics and the timing of sister chromatid separation in mutants of CAR components. We focused initially on the strain myo52D (delete brackets) lacking the fission yeast type V myosin Myo52, which relocates from the cell poles to the CAR in the M phase (Motegi et al, 2001; Win et al, 2001 ). Initial analysis revealed that 75% of metaphase and 30% of anaphase spindles were Percentage of misoriented spindles before and after chromosome separation in control cells (wt) or cells treated with latrunculin B (wt+Lat B) and in cps8-188, myo51D, myo52D, cdc11-123 and mid1D mutants. n ¼ 200 in each case. Statistical analysis of the timing of anaphase onset and rate of spindle elongation in wild type (n ¼ 20), wild type+Lat B (n ¼ 9), cps8-188 (n ¼ 6), myo51D (n ¼ 7), myo52D (n ¼ 8) and cdc11-123 (n ¼ 9). The error denotes standard error from the mean (SEM). a Exaggerated anaphase delay is partially due to altered cell polarity. misoriented in myo52D gfp-atb2 cells ( Table I ), and that these cells showed a variable but extended (52723 min) delay over anaphase onset ( Figure 5A and B, Table I ). This suggests that cells lacking Myo52 exhibit an intrinsic activation of the SOC.
In the sequence shown in Figure 5B , the spindle remained oriented at B901 to the cell axis and doubled in length in the absence of sister chromatid separation ( Figure 5A and B) (Supplementary Movie 7) . Notably, astral microtubules were absent in these cells both before and after chromosome segregation. The rate of spindle elongation was 0.2670.05 mm min À1 , similar to that seen in latrunculin Btreated cells (Table I) . Together, these data suggest that the SOC is activated in myo52D cells. Myo52 is involved not only in septum formation but also in the maintenance of growth polarity. We repeated this analysis in myo51D cells that lack the second fission yeast type V myosin Myo51, which is also a component of the CAR but has no role in controlling interphase cell polarity (Win et al, 2001) . myo51D gfp-atb2 cells displayed a high level of misoriented spindles, 87% before and 40% after anaphase onset, as well as an extended (2472 min) delay over anaphase onset (Table I) . We conclude that, as in budding yeast (Beach et al, 2000; Yin et al, 2000) , type V myosins play an important role in spindle rotation.
Astral microtubules from only one SPB contact the CAR
To examine more accurately where astral microtubules interact with the cell cortex, we monitored microtubule dynamics in cdc15-gfp gfp-atb2 cells. Cdc15 is required for the reorganisation of F-actin at mitosis and locates solely to the CAR in mitotic cells (Fankhauser et al, 1995) . At the beginning of the movie, a short mitotic spindle has formed and Cdc15 is (Figure 6B ). Throughout the movie, spindle poles remained on opposite sides of the CAR. We have observed that in 19 out of 19 movies of cdc15-gfp gfp-atb2 cells, an astral microtubule from only one SPB associates with the Cdc15 ring (data not shown).
As we have imaged only one plane through the z-axis of the cell, we cannot rule out the possibility that an astral microtubule from the other SPB also associates with the CAR, although this was never observed. Additionally, in 15 out of 19 of these movies, we found that anaphase occurs less than 10 s after an astral microtubule first contacts the CAR. In the remaining four movies, an astral microtubule contacts the CAR only after anaphase (data not shown). In these cells, an astral microtubule may contact the CAR prior to anaphase onset but out of the plane of image acquisition. Finally, we noted that in all movies astral microtubules polymerise from the SPB to only one side of the cell cortex in early mitosis, and are nucleated in both directions (i.e. an antiparallel manner) to contact both sides of the cell cortex as spindles elongate. We presume that this enables astral microtubules to stabilise spindle alignment along the longitudinal axis of the cell.
The anillin homologue Mid1 stabilises alignment of the mitotic spindle
The anillin homologue Mid1 is required to place the division septum perpendicularly to, and in the centre of, the dividing fission yeast cell. In the absence of Mid1, the CAR is placed both at random angles and random positions in the cell (Chang et al, 1996; Sohrmann et al, 1996) . This prompted us to investigate whether the position of the CAR is important for spindle rotation or the timing of anaphase onset. Analysis of spindle rotation in mid1D gfp-atb2 cells revealed that spindles rotated to within 301 of the longitudinal axis of the cell, but failed to stabilise at 01 (i.e. perpendicularly to the division axis), as is observed in wild-type cells ( Figure 7A and B). Indeed, multiple rapid oscillations were observed during the filming period ( Figure 7A and B). Association of astral microtubules with the cell cortex and spindle rotation in mid1D cells was blocked by the addition of latrunculin B (data not shown). These results suggest that interaction of astral microtubules with the AMIZ directs gross spindle rotation, and interaction of one astral microtubule with the CAR ensures that spindles are aligned perpendicular to the division axis. Importantly, we also find that in mid1D cells, phase 2 is longer (26 min) and the rate of spindle elongation slower (0.36 mm min
À1
) than in wild-type cells ( Figure 7A and B). This suggests that interaction of astral microtubules with the CAR determines the timing of anaphase onset.
Mid1 is housed in the interphase nucleus and relocates to a broad medial cortical region, which overlaps with the AMIZ) in early M phase and co-localises with the division septum during cytokinesis (Bahler et al, 1998; Paoletti and Chang, 2000 ; Figure 7C ). To determine whether the cortical actin cytoskeleton is required for relocalisation of Mid1, synchronised mid1-gfp cells were treated with latrunculin B. We find that Mid1 relocalises to the AMIZ in the presence of latrunculin, although contraction into the CAR does not occur ( Figure 7A ). These data suggest that localisation of actin and Mid1 to the AMIZ is mutually independent. However, localisation of Mid1 to the CAR is dependent on actin and, conversely, actin does not concentrate at the centre of the AMIZ in the absence of Mid1. We conclude that the coordination of spindle position with the axis of cell division is initiated at the G2/M transition and that Mid1 is an early cortical landmark in this process.
Discussion
In fission yeast, as in animal cells, the mitotic spindle is positioned perpendicular to the axis of cell division during mitosis. We have investigated as to how this is achieved by live analysis of gfp-atb2 cells. In control cells, astral microtubules emanate from both SPBs in multiple directions and oscillate rapidly between growth and shrinkage. Astral microtubule ends initially associate with the cell cortex in a 3 mm wide medial band surrounding the nucleus. We have termed this an AMIZ (Figures 2 and 8) . Contacts with the AMIZ are initiated as the spindle forms and continue during phase 2 of mitosis. Spindle rotation appears to occur only when astral microtubules from both SPBs simultaneously and oppositely contact the cell cortex. Several lines of evidence indicate that these interactions are a prerequisite for spindle rotation. First, we show that spindle rotation is delayed in cdc11-123 mutants in which proper nucleation of astral microtubules at the SPB is disturbed (Krapp et al, 2001) . Second, we show that spindle orientation is prevented by disruption of the medial actin cytoskeleton, either by addition of latrunculin B or the actin mutant cps8-188. Third, we show that two type V myosins, Myo51 and Myo52, that locate to the medial cell cortex in the M phase are necessary for spindle rotation. Strikingly, under every condition in which we observed defective spindle orientation, astral microtubule dynamics were also perturbed. Hence, the AMIZ may act as a regulator of astral microtubule dynamics at the cell equator in the same way that complexes at cell tips that contain the kelch-domain containing protein Tea1 regulate the dynamic properties of cytoplasmic microtubules during interphase (Mata and Nurse, 1997) . We conclude that astral microtubules interact with actin cables at the medial cell cortex via type V myosins to direct gross spindle rotation in fission yeast.
In addition, we noted that, by live analysis of cdc15-gfp gfpatb2 cells, astral microtubules from one of the two poles were captured at the AMIZ and then moved towards the CAR, which is situated at the centre of the AMIZ. To examine whether the position of the CAR is important for spindle positioning, we examined spindle position in the absence of Mid1, which is required for placement of the division septum in the centre of the cell, and perpendicular to its longitudinal axis. We find that, in the absence of Mid1, spindles rotate but fail to stabilise along the longitudinal axis of the cell. The rapid oscillations of the spindle in mid1D cells are probably due to continued interaction of astral microtubules with the AMIZ, as addition of latrunculin abolishes further spindle rotation. We presume that interaction of astral microtubules with the CAR also maintains the SPBs on opposite sides of the CAR, as this geometry is abolished in the absence of Mid1. Thus, we can define two separate elements that are required for spindle positioning: an early component that causes gross spindle rotation and requires simultaneous contact of astral microtubules with the AMIZ, and a later component that stabilises correct alignment of the spindle and that requires interaction of an astral microtubule from at least one of the two SPBs with the CAR.
Prior to cell division in budding yeast, the mitotic spindle is re-positioned across the bud neck by the action of cytoplasmic microtubules that emanate from the outer plaque of the duplicated SPBs. At least two pathways mediate capture of the cytoplasmic microtubule 'plus' ends by both the bud neck and the cell cortex underlying the bud tip (Bloom, 2000) . Early in the cell cycle, Kar9 mediates the capture of cytoplasmic microtubules by actin cables through its association to type V myosin, serving to orient the mitotic spindle towards the bud neck (Adames and Cooper, 2000; Yeh et al, 2000; Kusch et al, 2002) . Kar9 resides on the 'plus' end of cytoplasmic microtubules via its association to the microtubule-binding protein Bim1, an EB1 homologue (Miller et al, 2000) . During anaphase, dynein mediates lateral interactions between microtubules and the cell cortex to pull the nucleus into the bud (Muhua et al, 1994; Cottingham and Hoyt, 1997; Adames and Cooper, 2000) . In agreement with this, spindle positioning is sensitive to actin-depolymerising agents early but not late in the cell cycle (Theesfeld et al, 1999) . In some respects, our data appear to mirror events in budding yeast, where microtubule capture by the cleavage apparatus is required for proper spindle positioning (Kusch et al, 2002) . Indeed, some elements of the spindle orientation mechanism are undoubtedly conserved between budding and fission yeasts, such as actin, Myo52/Myo2 and Cdc11/Nud1 (Gruneberg et al, 2000; Yin et al, 2000) . However, fission yeast contains no obvious Kar9 orthologue, and other molecules, such as cytoplasmic dynein, which is central to the nuclear positioning mechanism in budding yeast (Carminati and Stearns, 1997; Heil-Chapdelaine et al, 2000) and mammalian cells (O'Connell and Wang, 2000) , are thought to play no such role in fission yeast. This may be either because the fission yeast nucleus is positioned correctly prior to mitosis or that dynein function is restricted to the fission yeast meiotic cell cycle (Yamamoto et al, 1999; Miki et al, 2002) .
In fission yeast, spindles remain at a constant length during phase 2 of mitosis and anaphase A occurs concurrently with the onset of anaphase B. This normally occurs only when the spindle achieves an angle of approximately 301 or less to the longitudinal axis of the cell. Several lines of evidence suggest that failure to achieve this angle leads to activation of a spindle orientation checkpoint that delays the onset of anaphase . Firstly, disruption of astral microtubule interaction with the medial cell cortex leads to spindle elongation during phase 2 and a delay in the separation of sister chromatids. Spindle elongation observed during phase 2 in this situation is likely to be due to pushing forces provided by interdigitated pole-to-pole microtubules, but this is slow and may reflect counter forces resulting from persistent attachment of microtubules to unseparated sister chromatids. Secondly, when astral microtubule contact with the cell cortex is disturbed, the relationship between spindle orientation and sister chromatid separation seen in wild-type cells breaks down in that anaphase occurs when the spindle is at angles of up to 701 relative to the longitudinal axis of the cell. Such abberant mitoses are always preceded by a delay in sister chromatid separation, namely an extension of Phase 2. This confirms our previous conclusion that in fission yeast, spindle position is monitored by a checkpoint that regulates the onset of anaphase . This contrasts directly with the situation in budding yeast, in which spindle mis-positioning activates a checkpoint that delays the onset of cytokinesis (Bardin et al, 2000 , Adames et al, 2001 , Lee et al, 2001 . The reason for this difference is at present unknown.
In higher eukaryotic cells, many models have been proposed to explain the relative position of the spindle and cleavage furrow, but no mechanism has emerged that can generally account for this geometry (Rappaport, 1996; Oegema et al, 2000; Glotzer, 2001) . Although it is agreed that microtubules are critical for this process, the initial cortical landmarks that dictate the position of the cleavage furrow are unknown. We show that, in fission yeast, the anillin homologue Mid1 is involved in ensuring that the spindle is stably aligned at right angles to the division axis and in the centre of the cell. Mid1 relocates from the nucleus at the G2/M transition to a region on the medial cell cortex that closely corresponds to the AMIZ and is then focused, in an actin-dependent manner, to a ring that co-localises with the CAR (Bahler et al, 1998; Paoletti and Chang, 2000) . Similarly, in fruit fly and human cells, anillin proteins reside in the nucleus in interphase and relocate to the cell cortex at the G2/M transition, which is focused to a broad ring at metaphase and the cleavage furrow during telophase (Field and Alberts, 1995; Oegema et al, 2000) . Moreover, inactivation of one of three anillin proteins, by RNAimediated gene ablation, leads to spindle-positioning defects in Caenorhabditis elegans (Gonczy et al, 2000) . The cell cycle-dependent relocalisation of Mid1 may partly explain why spindle positioning in fission yeast is determined only in the M phase. Mid1 is homologous to budding yeast BUD4, which is required for bud site selection in haploids and locates to the bud neck in both haploids and diploids (Chant and Herskowitz, 1991; Sanders and Herskowitz, 1996) . Our data raise the possibility that members of the anillin protein family play an evolutionarily conserved role in co-ordinating spindle position with the axis of cell division in all eukaryotes.
Materials and methods
Cell culture
Media, growth, maintenance of strains and genetic methods were as described (Moreno et al, 1991) . Cultures of nmt1-gfp-atb2 cells were grown at 251C in minimal medium, and thiamine was added at a concentration of 3.75 g l À1 in order to repress partially the expression of gfp-atb2. Under these conditions, gfp-atb2 cells grew at a rate indistinguishable from wild type. The strains used in this study are listed in Table II .
Cell synchronisation
Cell synchrony was achieved by lactose gradient size selection. Logphase cells (50 ml of 2 Â10 6 cells ml À1 ) were concentrated in 2 ml and loaded onto a 50 ml 7-35% linear lactose gradient. After 10 min centrifugation at 1600 rpm, 3 ml of the upper of two visible layers was collected and washed twice before being resuspended in fresh medium (0.5 Â10 6 cells ml À1 ) at 251C. At this stage, a 1 ml sample was collected and stained with DAPI to establish the mitotic index. The mean cell size was 1171 mm, and no spindle was observed ). 
Cell imaging
Live cell analysis of gfp-atb2 cells used an imaging chamber (CoverWell PCI-2.5, Grace Bio-labs) filled with 1 ml of 1% agarose in minimal medium and sealed with a 22 Â 22 mm glass coverslip. An aliquot of cell suspension was applied to the imaging chamber and cells were allowed to equilibrate for 1 h at 251C before beginning the experiments, which were carried out at this temperature. Latrunculin B was purchased from Calbiochem and used at a concentration of 10 mM. To visualise chromosomes, either 0.1 mg ml À1 DAPI or 0.1 mg ml À1 Hoechst (Molecular Probes) was added to cells for 20 min. Time-lapse images were taken at 5-30 s intervals, with exposure times of 0.2-0.5 s (for GFP) or 0.1 s (for DAPI). The only exception was for myo52D cells where images were taken every 3 min. In all cases, a single-focal plane image was recorded at each time point. Time zero in the movies is taken to be either the point at which the spindle attains 2 mm or becomes stable in length. Images were visualised with a Hamamatsu C4742 CCD camera fitted to a Zeiss Axiophot microscope with a 64 Â 1.4 NA objective, and were recorded using OpenLab software (Improvision Ltd., UK), downloaded to Microsoft Excel for analysis and to Adobe Imageready 3 for assembly into montages.
Analysis of spindle length, orientation and timing of anaphase onset
The length of the mitotic spindle and its angle with respect to the longitudinal axis of the cell were determined using OpenLab software (Improvision Ltd, UK) for each cell. The timing of nuclear separation was determined visually.
Supplementary data
Supplementary data are available at The EMBO Journal Online.
